Abstract Mantle shear velocity (Vs) structure beneath the Transportable Array (TA) in Alaska and northwestern Canada is imaged by joint inversion of Rayleigh wave dispersion and teleseismic S wave travel times. The study connects previously unsampled parts of northern and western Alaska with portions of southern Alaska imaged with earlier seismic arrays. The new Vs tomography shows contrasting lithospheric structure in the plate interior with lower Vs shallow upper mantle indicative of thinner thermal lithosphere south of the Brooks Range and along the transform margin. Higher Vs down to~200 km beneath the Brooks Range and northern coast is consistent with the presence of a cold stable lithospheric root that may help guide intraplate deformation to the south. In the subduction-to-transform transition, a potential slab fragment is imaged beneath the Wrangell volcanic field where modern subduction has slowed due to the thick buoyant crust of the Yakutat terrane.
Introduction
Plate boundary processes have shaped the lithosphere of Alaska from the Mesozoic to the present with multiple episodes of terrane accretion, arc magmatism, and inboard propagation of crustal deformation driven by evolving southern plate boundary dynamics (Jadamec et al., 2013; Mazzotti & Hyndman, 2002; Plafker & Berg, 1994; Trop & Ridgway, 2007) . The modern subduction zone extends~2,500 km along-strike with normal-dip subduction fueling magmatism from the Aleutian arc to the Cook Inlet and an eastward transition to shallowdip subduction of the Yakutat terrane's thick oceanic crust (Figure 1 ; Eberhart-Phillips et al., 2006; Hayes et al., 2012; Worthington et al., 2012) . Inboard propagation of crustal deformation and the Denali volcanic gap provide surface evidence of ongoing shallow-dip subduction (Haeussler, 2008) , which is further documented by earthquake hypocenters and seismic imaging (e.g., Eberhart-Phillips et al., 2006) . Increasingly thick Yakutat crust to the east impedes subduction and focuses continental deformation in the corner-shaped transition to a right-lateral transform plate boundary, creating extreme topographic relief and rapid exhumation in the St. Elias Range since~6 Ma (Elliott et al., 2013; Enkelmann et al., 2015; Marechal et al., 2015; Spotila & Berger, 2010) . Stress transfer due to relative motions of the Pacific and North American plates and ongoing accretion of the Yakutat terrane drives broadly distributed seismicity within the plate interior ( Figure 2 ; Leonard et al., 2008) . Intraplate deformation constrained by modern geodesy extends inboard to the southern edge of the western Brooks Range and to near the Arctic coast in the eastern Brooks Range and Richardson Mountains (Leonard et al., 2008) . Quaternary intraplate magmatism also extends >500 km from the subduction zone margin (Miller et al., 1998) . Continuous upper mantle seismic imaging across the region would enable further investigation of how the current plate boundary system and history of lithospheric assembly control ongoing deformation and magmatism.
In mid-2017, EarthScope's Transportable Array (TA) of broadband seismographs reached its full extent across Alaska and northwest Canada, providing new opportunities for integrated imaging of active subduction and mantle signatures of prior plate boundary evolution (Figure 1 ). There is a long history of seismic research on Alaskan crust and upper mantle structure including active and passive source studies (e.g., Bauer et al., 2014; Coulson et al., 2018; Eberhart-Phillips et al., 2006; Fuis et al., 2008; Kim et al., 2014; Martin-Short et al., 2016; McNamara & Pasyanos, 2002; Stachnik et al., 2004; Wang & Tape, 2014; You & Zhao, 2012; Zhao et al., 1995) , but the vast area and challenges in accessibility limited prior imaging to subset areas and transects. New coverage from the TA provides a coherent large-scale context for synthesis of previously isolated study areas. Outstanding questions include the links between subduction and volcanism in the Wrangell volcanic field (Martin- Short et al., 2016; Page et al., 1989; Preece & Hart, 2004; Richter et al., 1990) , the mantle underpinnings of intraplate volcanism in western and central Alaska (Miller et al., 1998) , and the degree to which sutured crustal terranes are rooted by distinctive lithospheric structures that may influence ongoing intraplate deformation (e.g., O'Driscoll & Miller, 2015; Saltus & Hudson, 2007) .
This study uses the combined sensitivity of Rayleigh and S waves to image the shear velocity (Vs) structure of the upper mantle beneath the TA in Alaska and northwestern Canada. Joint inversion of surface and body wave measurements enables deeper imaging than is possible with surface waves alone and mitigates the weaker depth resolution of teleseismic body wave tomography in the uppermost mantle (Golos et al., 2018; Guo et al., 2018; Jiang et al., 2018; Obrebski et al., 2011; West et al., 2004) . The resulting images identify a thick lithospheric root beneath the Brooks Range and Arctic coast adjacent to lower Vs in the upper mantle beneath younger accreted terranes to the south and identify a potential slab fragment beneath the Wrangell volcanic field. (Table S1 in the supporting information). In the main figure, red triangles denote <2 Ma volcanoes. The white lines show the slab 1.0 model (Hayes et al., 2012) , and the thick green line marks the Pacific plate boundary. Velocity vector is from DeMets and Dixon (1999) for the Pacific and from Elliott et al. (2010) 
Data and Methods
This study benefits from >450 seismic stations deployed across Alaska and northwest Canada between 1999 and 2018 ( Figure 1 ). The stations are from long-term monitoring networks, the TA, and a series of temporary seismic experiments including: Broadband Experiment Across the Alaska Range (BEAAR; Stachnik et al., 2004) , Multidisciplinary Observations Of Subduction (MOOS; Kim et al., 2014) , Observational and Theoretical Constraints on the Structure and Rotation of the Inner Core (ARCTIC; Lindner et al., 2010) , and St. Elias Erosion/Tectonics Project (STEEP; Bauer et al., 2014) . Further details on data sources are in the supporting information. Seismic recordings of continuous noise and teleseismic earthquakes are both used in this study.
Rayleigh Wave Phase Velocities
Rayleigh waves have strong sensitivity to depth-dependent lithospheric structures (e.g., Yang & Forsyth, 2006) , complementary to the teleseismic S waves that provide sharper lateral resolution but poorer depth resolution (e.g., Schmandt & Humphreys, 2010) . In this study, we used 8-to100-s period Rayleigh wave dispersion measurements to constrain the lithospheric Vs structure ( Figure S1 ). The 8-to 30-s-period measurements were taken from the crustal tomography study of Ward and Lin (2018) . Longer-period surface waves (30-100 s) were obtained from teleseismic earthquakes. Preprocessing procedures for the teleseismic earthquake data are briefly introduced below.
Broadband waveforms were obtained for all teleseismic events with M s > 5.0 and epicentral distance >1,000 km ( Figure S2a ) between January 2015 and January 2018. After correction for instrument response, the frequency-time analysis method (Levshin & Ritzwoller, 2001 ) was used to isolate fundamental mode Rayleigh waves and measure their phase and amplitude information. Phase velocity measurements with signal-to-noise ratio (as defined in Bensen et al., 2007 ) < 10 were discarded and the remaining measurements were inverted for 2-D phase velocity maps at 30-to 100-s periods on a 0.2°(longitude) × 0.1°(latitude) geographic grid using the Helmholtz tomography method (Lin & Ritzwoller, 2011) .
S Wave Travel Time Residuals
The second data source for the Vs inversion is teleseismic S wave relative travel time residuals. We obtained broadband waveforms for~650 teleseismic events with M b > 5.5 and epicentral distance between 28°and 82°for direct S and 90-130°for SKS phases ( Figure S2b ). S wave data were rotated to radial and transverse components, and relative travel times were measured on the transverse component for direct S phases and on the radial component for SKS phases. Raw waveforms were visually inspected to ensure clear and coherent waveforms across the array before the multichannel waveform cross-correlation method of VanDecar and Crosson (1990) was used to measure relative residual times for center frequencies of 0.4, 0.1, and 0.05 Hz. A total of >86,000 residual time measurements were obtained for tomography: 53% at 0.05 Hz, 39% at 0.1 Hz, and 8% at 0.4 Hz. The S wave measurements were combined with the Rayleigh wave phase velocity maps described in the previous subsection to jointly invert for 3-D Vs structure.
Joint Rayleigh and S Wave Tomography
The Rayleigh and S wave tomography approach used here closely follows Jiang et al. (2018) , and a 3-D absolute Vs model (0-210 km) is first estimated with a Markov Chain Monte Carlo inversion (Shen et al., 2012) of Rayleigh wave phase velocities. The resulting model ( Figure S3 ) is then used to jointly invert both the Rayleigh and S wave data with a conjugate gradient solver, LSQR (Paige & Saunders, 1982) . Creating a 3-D starting model for the joint inversion helps to achieve a final 3-D model that maintains high-resolution crustal velocity variations that may be poorly recovered by least squares inversion with a 1-D Vs starting model. The joint inversion method of Jiang et al. (2018) uses approximate finite-frequency travel time sensitivity kernels for S waves (Schmandt & Humphreys, 2010 ) and 1-D phase velocity kernels for Rayleigh waves calculated with the Computer Programs for Seismology package (Herrmann, 2013) . The joint inversion solves for isotropic model perturbations relative to the 3-D Vs starting model at 0-to 210-km depth, which was smoothly merged with the AK135 global reference model down to 800 km (Kennett et al., 1995) . Structure at depths <50 km was held fixed to the starting model to maintain the high-resolution shallow structure resolved by Ward and Lin (2018) . Note that the mix of transverse and radial S wave times (S and SKS, respectively) and Rayleigh waves used in the study have different sensitivities to anisotropy. Eventual comparison with tomography models using Rayleigh and Love waves and inverting for radial and/or azimuthal anisotropy will help to identify areas where strong anisotropy may bias the results of our isotropic inversion. More details on the inversion and optimization procedures can be found in the supporting information.
Two technical improvements were made to the inversion scheme used in this study compared to Jiang et al. (2018) . Iterative 3-D ray tracing was implemented with the fast-marching method of de Kool et al. (2006) , and azimuthal weighting parameters were introduced to mitigate the bias from the uneven distribution of earthquakes for S wave measurements. For the 3-D ray tracing, paths were updated 3 times between LSQR iterations, and tests with additional ray path updates showed stable results similar to prior studies (e.g., Bezada et al., 2013 ). An example of the deviations from the initial 1-D ray paths is shown in Figure S5 . Changes due to 3-D ray tracing are generally subtle, but this more accurate approach accounts for ray paths being pulled toward high-velocity anomalies and away from low-velocity anomalies ( Figure S6 ). To reduce azimuthal bias in the inversion, teleseismic S wave measurements from each 60°back-azimuthal bin and their corresponding sensitivity kernels were scaled by weights equal to the number of events in the bin divided by the mean of the number of events in the six bins.
Synthetic Resolution Tests
Two types of synthetic tests were performed to assess the model resolution, including a checkerboard input and two hypothetical slab inputs. Checkerboard test ( Figure S7 ) demonstrates that the inversion scheme can recover structures with length-scales of~150 km throughout the upper mantle. The synthetic tests with hypothetical slabs indicate that the model can constrain a subducted slab with a lateral dimension of 120-150 km and distinguish between a continuous slab and a~120-km-wide slab tear separating the Yakutat shallow-dip slab from the high-velocity anomaly deeper beneath the Wrangell volcanic field ( Figures S8 and S9 ). However, due to the parameterization, our inversion scheme could overestimate the slab thickness if it is narrower than 120 km. Teleseismic and local P wave signals can be observed at higher frequencies and thus may be able to sharpen slab resolution in future studies.
Results
The final joint inversion yielded a 3-D Vs model achieving variance reduction of 65.1% for S wave and 73.8% for Rayleigh wave data. Maps and cross sections of the Vs model presented here show some key features of 
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Ideally, detailed resolution assessments should be performed at each depth to mask the poorly resolved regions for plotting purpose. For simplicity, we mask out all offshore regions given the relatively uniform onshore coverage of the TA. The full 3-D Vs model, containing the offshore regions, is available for download through the IRIS Earth Model Collaboration (Trabant et al., 2012) .
In the shallow upper mantle (<200-km depth) of the plate interior, the new Vs model shows a major structural contrast with lower Vs (~4.2-4.3 km/s) south of the Brooks Range and southwest of the Tintina fault along the transform margin (Figures 3a-3c ). Beneath the Brooks Range, in the northern coast of Alaska, and the low-elevation cratonic portion of northwestern Canada, higher Vs (~4.6-4.7 km/s) upper mantle extends to~210-km depth. Beneath the western Mackenzie Mountains, where the station distribution is sparser and more irregular, intermediate Vs (~4.4-4.6 km/s) is found. The strongest Vs anomaly at most upper mantle depths is the elongated and northwest-dipping highvelocity region that is spatially correlated with abundant intermediate-depth seismicity attributed to the Pacific plate subduction (Figures 2-4 ). This anomaly is most prominent at depths of 120-390 km in southern Alaska. The large-scale geometry of the slab is a subject of much prior imaging, and our results are largely consistent with recent studies (Wang & Tape, 2014; Martin-Short et al., 2016) , because many southern Alaska TA stations are part of the long-term seismic network in Alaska. Here with augmented data, joint inversion of Rayleigh and S waves, and 3-D ray tracing, we find subtle differences such as a particularly sharp bend in the slab at its transition from normal to shallow dip near the longitude of~À 152°W (Figures 3a-3c) . The high-Vs slab anomalies from the normal and shallow-dip segments of the subduction zone meet with an abrupt kink at~120-to 150-km depth and an increasingly smooth transition at greater depths (Figure 2) . The flat-slab section extends northeastward to~145°W, farther inboard than previously imaged (e.g., Eberhart-Phillips et al., 2006) .
East of the shallow-dip Yakutat slab, our new results show a high-Vs feature beneath the Wrangell volcanic field. The Vs anomaly under the Wrangell volcanic field is generally subtler (~3%) than that of the slab farther west (~6%). At~200-km depth the shallow-dip slab segment extending north to the Denali fault is clearly offset from the high-Vs anomaly beneath the Wrangell volcanic field. It is possible that they are connected at shallower depths closer to the coast. However, shallower connectivity remains ambiguous due to the limited horizontal resolution (~100 km). The high-Vs feature beneath the Wrangell volcanic field contrasts strongly with the low Vs farther southeast along the transform boundary, indicating a distinctive structure in the upper mantle landward of the Yakutat collision.
Discussion

Continental Upper Mantle Provinces
The upper mantle Vs model in this study newly covers the entire Alaskan mainland and part of northwestern Canada allowing a more comprehensive exploration of lithospheric structure. One of the clearest new results is that the western Brooks Range and Arctic coast are underlain by a high Vs (~4.6-4.7 km/s) mantle root (Figures 2b and 3a-3e ). This indication of cold and thick lithosphere is consistent with recent seismic imaging of deep lithospheric discontinuities using Sp receiver functions (O'Driscoll & Miller, 2015) and low surface heat flow (<60 mW/m 2 in Figure 2a ; Batir et al., 2016) . Additionally, prior interpretation of a magnetic boundary at the southern edge of the Brooks Range favored the presence of a voluminous mafic layer in the crust which may be complemented by a melt-depleted mantle root (Saltus & Hudson, 2007) . The cold thick lithosphere of northern Alaska imaged here likely acts as a strong block that guides tectonic deformation farther south across the Alaskan mainland (O'Driscoll & Miller, 2015; Redfield et al., 2007; Saltus & Hudson, 2007) , where our Vs model shows slow Vs (~4.25-4.4 km/s) in the upper mantle. Distributed Quaternary volcanic fields along the western coast of Alaska are generally underlain by slower than average mantle Vs (Miller et al., 1998) , consistent with near-solidus temperatures. The lower-Vs upper mantle of southern Alaska locally extends to near the Arctic coast along the Alaska-Yukon Territory boundary, where it coincides with isolated Quaternary magmatism and separates thick high-Vs lithosphere beneath northern Alaska and the northern Yukon (Figure 2b ).
Geometry of Ongoing Subduction
The high-Vs Pacific slab dips steeply beneath the Aleutian arc extending east until near the longitude of À 152°W, where the high-Vs anomaly exhibits a dramatic kink. The kink in the slab appears sharpest at 120-150 km (Figures 3b and 3c ) and becomes more gradual at greater depths (Figures 3d-3f) . Such an along-strike transition is also seen in the pattern of seismicity (Figure 2a) and it is coincident with prior interpretations of the western edge of shallow-dip subduction of the Yakutat terrane (Eberhart-Phillips et al., 2006) . The sharp change of slab dip could be associated with development of a slab tear, although the two slab segments appear continuous at depths >~175 km, consistent with the prior teleseismic body wave tomography (Martin-Short et al., 2016) . Additionally, teleseismic scattered wave imaging (Kim et al., 2014) and an active source profile (Fuis et al., 2008) indicate that the two slab segments overlap with each other at the contact region.
Similar to prior studies we find that most of the shallow-dip slab segment transitions to a steeper dip angle near the Denali fault (Figure 4 ; Martin-Short et al., 2016; Wang & Tape, 2014) . Closer to the subduction zone at 50-100 km depth we find high Vs indicative of cold upper mantle in the inferred location of the shallow-dip Yakutat slab (Eberhart-Phillips et al., 2006) . The high Vs (~4.55 km/s) uppermost mantle that we find is consistent with the interpretation that the Denali volcanic gap exists due to inboard advance of a cold slab that prevents melt generation (Rondenay et al., 2010) . At its northeastern edge the shallow-dip slab section extends~100 km farther inboard than previously imaged but is still within the limits of the potential Yakutat slab predicted by Eberhart-Phillips et al. (2006) using reconstructed plate motions. This positioning suggests a slightly earlier onset of shallow-dip subduction by~20 Ma (Eberhart-Phillips et al., 2006) , which is consistent with geologic evidence that Yakutat flat subduction likely initiated by~26 Ma (Benowitz et al., 2011; Finzel et al., 2015) .
Potential Slab Fragment Beneath the Wrangell Volcanic Field
The high-Vs feature beneath the Wrangell volcanic field sits landward of the eastern portion of the Yakutat terrane where subduction has likely slowed as a result of eastward thickening of the Yakutat terrane's buoyant crust (Worthington et al., 2012) leading to accommodation of Pacific-North America convergence by upper plate shortening (e.g., Elliot et al., 2013) . Prior investigation of earthquake hypocenters indicates a Wrangell slab that transitions from a shallow to steep dip angle at~70-km depth (Page et al., 1989) . We suggest that the high-Vs anomaly beneath the Wrangell volcanic field represents a slab segment that subducted on the leading edge of the Yakutat terrane and is sinking near-vertically beneath the volcanic field, because subduction has slowed down due to the Yakutat collision.
The presence of the high-Vs anomaly beneath the Wrangell volcanic field is robust based on synthetic tests, but the nature of its connection to ongoing subduction to the west is less clear and likely varies with depth. At 200-km depth, it is well separated from the ongoing shallow-dip slab to the west indicating an evolving slab tear (Figure 3) . At shallower depths (<150 km) and closer to the coast the hypothesized Wrangell slab segment may still be connected to the active shallow-dip slab that extends beneath the Alaska Range. A recent study of tectonic tremor suggests an eastward continuation of subduction (Wech, 2016) beyond the boundary of the earthquake hypocenters used to define the Slab 1.0 model (Hayes et al., 2012;  Figure 1 ). Our results suggest that such a slab fragment extends farther east, but only a small fraction of it may be in contact with the base of the upper plate as it sinks due to eastward slowing of Yakutat subduction (e.g., Bruhn et al., 2004; Elliot et al., 2013) .
The subtler Vs anomaly of the inferred Wrangell slab may have multiple contributions including the eastward decrease in age of the incoming Pacific seafloor (Müller et al., 2008) , slowing of subduction leading to a warmer slab at a given depth compared to the slab farther west, and tearing that allows inflow of asthenosphere weakening the Vs anomaly when averaged over >100-km length scales. Petrology and geochemistry investigations of Wrangell magmatism are consistent with heterogeneous contributions from slab-derived fluids (Preece & Hart, 2004; Skulski et al., 1991) , but it is possible that mantle flow could deliver some subduction influence even in the absence of a Wrangell slab segment (Jadamec et al., 2013) . Based on the new tomography, we suggest there is merit in further scrutinizing the geometry of the potential Wrangell slab fragment and its connectivity to the shallow-dip Yakutat slab to the west. It may present an opportunity for detailed investigation of an actively evolving slab tear.
Conclusions
We have constructed a new upper mantle Vs model of Alaska and northwestern Canada using teleseismic S waves and Rayleigh waves. The model highlights distinct lithospheric provinces in the plate interior including two provinces of thick high-Vs lithosphere in northern Alaska and the Yukon Territory, where cold strong blocks could limit large-scale transpressional deformation to regions farther south that have thinner and warmer lithosphere. The shallow-dip Yakutat slab extends further northeastward than previously imaged and marks abrupt transitions in subduction zone structure. To the west, a kink in the slab is imaged at <150-km depth, but the deeper slab appears continuous. To the east, a subtler high-Vs anomaly is imaged beneath the Wrangell volcanic field. It appears separated from the shallow-dip slab suggesting slab contributions to Wrangell magmatism and the possibility of a growing slab tear due to the ongoing Yakutat collision with the St. Elias Mountains.
